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Abstract 
An innovative combined MRI and NMR methodology, which enables the visualization and spatially 
resolved quantification of the lithiation/delithiation process in porous Li-ion battery electrodes, in 
real time, is reported. We demonstrate that polarization of the thick graphite electrode correlates 
with the appearance of energy barriers during the graphite phase transformations and the resulting 
significant reduction of the lithium chemical diffusion, which must be addressed in any attempt at 
the fast charging of Li-ion batteries. It is also shown that a portion of the transported Li
+
 is 
temporarily stored in the electrode surface film prior to its intercalation into graphite, indicating 
reversible lithium storage within the surface electrolyte interface. The inclusion of a short current 
reversal which could be considered as part of a shaped charging process, facilitates the complete 
lithiation of thick graphite electrodes; an attractive strategy for increasing usable cell capacities. 
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Introduction 
The widespread deployment of Li-ion batteries (LIBs) for large-scale applications including 
automotive and grid-level energy storage requires both minimizing their cost and an increasing their 
energy density. This must be achieved without negatively affecting battery abuse tolerance, power 
performance, or durability. Utilization of thicker electrodes is one route towards achieving these 
goals, as it decreases the number of electrodes per cell, thus increasing the ratio of active material to 
current collectors. Previous studies indicate that a doubling of the electrode thickness can reduce the 
cell cost by 25%.
1
 However, the lithium transport in such electrodes is impeded during battery 
operation even at moderate rates, leading to significant cell polarization and the under-utilization of 
its capacity.
2-4
 It was suggested recently, comparing results of numerical simulations of cell voltage 
at different charge regimes with experimental data, that inadequate mass-transport through the 
electrolyte solution is the main factor limiting a thick electrode lithiation.
5
 While fitting theoretically 
calculated voltage to measured ones yields modelling tools with good predictive power,
6-8
 additional 
experiments for the validation of model predictions are desirable. 
Graphite electrodes, which have been used in LIBs since their commercialization, are still 
the most relevant negative electrodes for electrified vehicle batteries.
9
 Stoichiometric and 
thermodynamic stability, combined with good in-plane electronic conductivity, are important 
features of this material that make it attractive for LIB use. The Li intercalation into graphite is 
accompanied by a stage-like change in the average spacing of graphene planes, resulting in a rich 
phase diagram that displays distinct plateaus in a voltage vs. Li concentration plot.
10
 The chemical 
diffusion coefficient of Li in graphite depends strongly on the amount of intercalated lithium. The 
appearance of distinct energy barriers at the end of each phase transformation cause an order of 
magnitude decrease in Li diffusivity when the transition from the stage 3 (Li2/9C6) to stage 2L 
(Li1/3C6) is complete.
11-12
 
Phase nucleation and growth as a function of Li concentration is highly heterogeneous in 
typical electrode samples, making it difficult to analyse them by diffraction techniques. Color 
variations between the graphite lithiated to different stages were used to show, by digital optical 
microscopy, that there exists sharp boundaries between coloured areas during the galvanostatic 
charging of a graphite electrode at C/10 rate.
13
 Well-resolved and significant differences in lithiation 
between various areas of an electrode were observed even when the Li-graphite cell was charged to 
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a potential of 2 mV vs. Li/Li
+
. Color variations between particles provide qualitative information 
regarding lithium content in the electrode. Spectroscopic signatures, such as chemical shift 
differences between the dilute (1’, 4, 3 and 2L) and the concentrated (2 and 1) stages of graphite 
lithiation in 
7
Li nuclear magnetic resonance (NMR) spectra, can be used for more detailed study of 
the process.
14-16
 Of these well-known stages of lithiated graphite, our discussion will focus on 2L, 2 
and 1, with corresponding stoichiometries of Li1/3C6, Li1/2C6 and LiC6, respectively. The in situ 
visualization and quantification of ion distributions inside electrochemical energy storage or power 
devices is also possible through other analytical techniques, such as neutron diffraction and 
scattering, X-ray absorption spectroscopy, and Mössbauer spectroscopy.
17-21
 The main benefits of 
magnetic resonance method over alternative approaches arise from its non-destructive nature, and 
applicability to both crystalline and amorphous materials. Nevertheless, until recently, in-situ MRI 
was limited to monitoring species with favourable magnetic properties, e.g., electrolyte species or 
lithium dendrites.
22-23
 The visualization of lithium intercalated into the active material particles of an 
electrode was significantly hampered by the extremely fast decay of the Li signal (transverse 
relaxation time T2 ≤ 100 µs), which can disappears before it is observed.
24
 MRI imaging was 
recently reported for a lithium cobalt oxide // lithium titanate cell.
25
 However, the fairly coarse (100 
µm) spatial resolution of the images, coupled with an image acquisition time exceeding 3 hours, 
makes the applicability of the suggested technique to practical batteries questionable. 
Here, for the first time, we report experimentally-determined lithium concentration profiles 
within a 300 µm thick graphite electrode during cell operation, which indeed reveals significant 
lithium concentration gradients and sharp boundaries between graphite areas lithiated to different 
stages. We combine 
7
Li NMR spectroscopy with a single-point magnetic resonance imaging 
(SPMRI) technique, which provides images free from distortions caused by the static magnetic field 
inhomogeneity, susceptibility variations, and nuclear spin interactions.
26
 The proposed method 
increases the spatial resolution to 50 µm, while substantially decreasing the data acquisition time. 
We map the spatial distribution of dilute and concentrated stages, and demonstrate that the 
polarization of the electrode occurs concurrently with the phase transformation in the graphite. Our 
results suggest that the detailes of Li transport not just in electrolyte but also in solid particles is 
highly important; thus, a more complex approach, than utilization of a constant solid-state 
diffusivity is needed for accurate modelling of battery (dis)charge. We show that a portion of the 
transported Li
+
 is temporarily stored in the electrode surface film prior to its intercalation into 
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graphite. Its location can be identified by comparing experimentally obtained Li concentration 
profiles with those calculated based on porous electrode theory (PET). Finally, we demonstrate that 
insertion of a brief discharging step into the charging protocol mitigates the polarization of the 
electrolyte, enabling the electrode to overcome the Li diffusion barriers that appeared during 
graphite phase transformations and, in doing so, achieve a complete electrode lithiation. 
 
Experimental 
The composite graphite electrode consisted of graphite with an average particle diameter of 
18 µm, electronically conductive Super P (Timcal) carbon filler and polyvinylidene fluoride (Kynar 
Arkema HSV900) binder in a mass ratio of 94.5:2.0:3.5. An active material – N-methyl pyrrolidone 
slurry (with 57:43 mass ratio) was prepared by mixing for a total of 10 minutes at 2000 rpm in an 
ARV-310 Thinky Mixer. Several periods of manual stirring with a spatula alternated with the 
mechanical stirring. Graphite electrodes with 300 µm thickness were solvent-cast onto a copper foil 
current collector using a doctor blade and air dried at 40°C overnight, followed by a temperature 
increase to 55°C and vacuum drying the next day, then a second temperature increase to 80°C and 
vacuum drying during a third day. The 4 mm diameter (5.32 mg graphite mass) composite electrode 
used in the electrophoretic NMR cell was cut from the Cu-supported electrode sheet. 
A previously developed electrophoretic cell,
22, 27
 was adopted for the present study (Fig. 1a). 
The cell consists of a polyether ether ketone (PEEK) cylindrical cell body with metallic lithium 
adhered to one and the copper foil supported graphite electrode to the other of the two copper 
current collectors hermetically sealed by means of PEEK Super Flangeless
TM
 HPLC fittings. The 
electrodes were separated by three glass microfiber filter membrane discs (#691, VWR Scientific 
Products), soaked in a 1 M LiPF6 in ethylene carbonate (EC) : diethyl carbonate (DEC) (1:1 v/v) 
battery grade electrolyte solution (Sigma Aldrich). The inter-electrode spacing was ~200 µm. Cell 
assembly and filling with electrolyte solution were performed inside the Ar atmosphere of an 
MBRAUN glove box with 4.0 ppm oxygen and <0.1 ppm water contents. The graphite electrode 
and the separator were placed in the cell first, then the cell was filled with the electrolyte from the 
oposite side, and finally the lithium metal electrode was added. Note that part of the electrolyte 
solution was trapped within the case in the area behind the fitting, along the current collector and 
inside the threads of the cell body. The performance of the graphite//Li cell was tested with an Arbin 
BT 2000 battery cycler. In order to test the soundness of the cell design for electrocehmical constant 
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current cycling, the graphite electrode was first lithiated using a 20 μA current (corresponding to a 
C/100 rate) until a potential of 30 mV was reached, and was then held at that potential until the 
current decreased to 2 μA. The current was then reversed and the graphite was delithiated 
galvanostatically with a 20 µA current until the cell voltage reached 3.0 V (Fig. S1). The cell was 
then disassembled, cleaned and re-assembled with new electrodes, and inserted into the NMR 
spectrometer. 
The in-situ NMR and MRI experiments were performed while applying a constant current of 
45 μA (corresponding to a C/44 rate) to the cell, according to the following electrochemical testing 
protocol. A charging current was the first applied to the cell for 26 hours, until the potential reached 
the cut-off value of 2 mV vs. Li/Li
+
. The direction of the current was then reversed during the 
ensuing 5 hours. Finally, the charging (intercalation) of the graphite electrode was then resumed for 
an additional 15 hours, until full lithiation of the graphite electrode was achieved. An Autolab 
PGStat 30 instrument operating in galvanostatic mode was used during the in-situ MRI and NMR 
experiments. Coaxial cables with grounded shields connected the cell to the potentiostat. An in-
house low-pass LC filter (with a 2.3 MHz cut-off frequency) prevented additional noise from being 
picked-up by the NMR probe. This measurement configuration resulted in the same MRI signal-to-
noise ratio irrespective of whether the coaxial cables were or were not connected to the cell. All 
experiments were carried out at 27°C using a Bruker Avance 300 NMR spectrometer equipped with 
a Diff50 gradient probe and a dual resonance 8 mm 
7
Li / 
19
F RF insert. The cell was positioned 
vertically inside the insert, with the B0 field perpendicular to, and the B1 field parallel to, the 
electrode surfaces, such that the copper current collectors did not prevent the penetration of the RF 
field into the active volume of the cell. 
One-dimensional 
7
Li images were acquired using a Centric Scan Single Point Ramped 
Imaging with  Enhancement (CS SPRITE) pulse sequence which inherits all the advantages of 
SPMRI while also significantly decreasing the image collection time.
28-29
 The linear gradient ramps 
were constructed with 64 equidistant points for each half k-space sequence, ranging in magnitude up 
to a field gradient of 1,760 G⋅cm-1. The excitation at each step was achieved with a 0.7 µs broadband 
pulse (which corresponds to a tip angle (θ) of 3°); 10 free induction decay (FID) points were 
collected following the excitation pulse and summed as described by Halse et al.
28
 to generate the 
image with a 30 µs phase-encoding time (tp) and 0.8 µs dwell time. The spatial resolution of the 
reconstructed images is 50 µm. In order to achieve an acceptable signal-to-noise ratio, 4096 scans 
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were averaged for each image collected during the cell operation, with a recycling delay of 0.9 s, 
resulting in a total data collection time of 2 hours per image. 
Single pulse in situ 
7
Li NMR spectra were also acquired after each image acquisition, using 
an 11 µs excitation pulse, 64 scans and an 8.5 s relaxation delay, amounting to a 9 min total 
experiment time. Note that the acqusition time for these 
7
Li NMR spectra represents only 8% of the 
acquisition time for the MR images. Spectral deconvolution was performed using the dmfit2015 
software.
30
 
Simulations were carried out using a porous electeode theory model of the half cell. This 
approach, originally proposed by Fuller,
31
 was formalized by Richardson et al. via the multiple 
scales method.
32
 The latter allows the systematic simplification of a set of equations posed on a 
geometry with two or more distinct length scales, and has been used to generate simplified 
electrochemical models
33-34
 and solid mechanical models for Li-ion cells.
35
 A system of coupled 
partial differential equations was solved using a bespoke numerical method in MATLAB that uses 
finite differences, control volumes and adaptive time steps. A more in-depth description of the 
model formulation and its numerical solution are given in the Supplementary Information (SI). 
 
Results and Discussion 
The combination of 
7
Li in operando MRI and interleaved 
7
Li NMR spectroscopy allow us to 
profile the lithiation of the graphite electrode in real time during the cell operation, establishing both 
speciation and quantitative concentration simultaneously. Tracking the formation of the lithiated 
stages of graphite spectroscopically provides key insights into the reasons for the observed 
concentration profiles. Initially, only 
7
Li signals from LiPF6 in the electrolyte solution (at -2.8 ppm, 
Fig. 1 d) and from lithium metal electrode (263 ppm, not shown) are visible in the NMR spectrum of 
the freshly assembled cell. The electrolyte solution is located between cell coordinates 300 and 500 
µm, while the lithium electrode is between 500 and 700 µm in the image (Fig. 1 c). We could not 
detect the 
7
Li MRI signal from the electrolyte filling the pores in the graphite (cell coordinates 0 – 
300 µm) due to the low porosity of the electrode and the fact that the recycling delay of 0.9 seconds 
used in the experiment is optimized for acquiring signal from the fast-relaxing intercalated lithium 
(longitudinal relaxation time T1 ≈ 100 ms), but not from the lithium in the electrolyte solution or in 
the solid electrolyte interface (SEI) (T1 ≈ 2 s).
36
 It should also be noted that only the surface of the 
lithium metal disk can be observed by NMR, due to the limited penetration of the electromagnetic 
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field into conductors.
37
 The 
7
Li NMR signal corresponding to the electrolyte in the separator shifts 
from -2.8 to 8.4 ppm during the first four hours of the experiment due to the change of graphite 
magnetic susceptibility (see SI for slice-selective NMR spectra and detailed peak assignment). 
Intensity of the Li-metal signal does not change during the same time, meaning that the RF field or 
Q-factor of the probe do not vary as the intercalation proceeds. 
 
Figure 1. (a) Schematic representation of the in-situ cell; (b) voltage vs. time curve for graphite 
during the first charging step; (c) axial 
7
Li MR images; and (d) 
7
Li NMR spectra collected during 
charging. The circles of a given color in panel (b) correspond to the curves with same color from 
panel (c), while the triangles correspond to the curves with the same colors from panel (d). 
The formation of the dilute stages during the Li intercalation into graphite can be detected by 
the simultaneous uniform increase in the image intensity throughout the electrode’s axial cross-
section and by the growth in intensity of the broad signal at ∼10 ppm (see SI for an example 
spectrum deconvolution).
14
 The graphite lithiation process is almost uniform throughout the 300 µm 
electrode during the first 10 hours of the experiment, until the dilute stages begin to transform into 
concentrated stages. The latter can be identified by their spectroscopic signature, namely a broad 
resonance at ~50 ppm in the 
7
Li NMR spectrum. A key observation is that the sloped concentration 
profile emerges at the same time as the appearance of the higher frequency 
7
Li NMR signal. The 
images representing concentration profiles show that the concentration continues to increase in 
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graphite near the interface between the electrode and the electrolyte-filled separator, while the Li 
content in the electrode volume near the current collector stops increasing. Finally, the electrode 
polarization reaches such an extent that a negative potential versus Li metal would be needed for 
continuing the cell charging past 26 hours, the moment when the cell potential reaches the 2 mV 
cut-off value. Note that only 59% of the graphite theoretical capacity is reached at this point, even 
though the intercalation rate is 10 to 100 times smaller than that typical for practical LIBs. 
To quantify the speciation within the electrode, we construct a series of relationships that 
link the lithium concentration to the 
7
Li image intensity, to relaxation properties of the nuclei in each 
phase, and to the integrated spectral intensity for the concentrated and dilute species. The local 
signal intensity at any point in the image can be expressed as: 
 = 
	
 ∗ sin    (1a) 
where M0 is the net magnetization, which is proportional to the total number of lithium nuclei 
present in the immediate vicinity of the point, tp is the spatial encoding time of the MRI experiment, 
and θ is the tip angle of the magnetization caused by the applied RF pulse.
38
 Since the 
7
Li nuclei in 
the dilute and concentrated stages of graphite have different transverse relaxation times, Eqn. 1a can 
be rewritten as: 
 = (
	
 ,∗ + 
	
 ,∗ )  (1b) 
with k the transverse magnetization (M0 sinθ) divided by the number of lithium atoms (N). Further, 
pc and pd are the fractions of the intercalated lithium present in the concentrated and dilute stages of 
graphite respectively, determined from the relative integrated intensities of the corresponding NMR 
signals (Table 1). ,∗  and ,∗  are the transverse relaxation times, which are the inverse of the width 
at half height of the corresponding NMR lines measured in Hz (Table 1). 
Table 1. Relative fractions of 
7
Li nuclei in the dilute and concentrated stages of the Li-intercalated 
graphite and the corresponding 
7
Li transverse NMR relaxation times (T2
*
). 
Experiment Time, h 
Dilute Stages Concentrated Stages 
pd, a.u. T2,d
*
, ms pc, a.u. T2,c
*
, ms 
3.75 1.00 0.10 ± 0.01 – – 
6.25 1.00 0.10 ± 0.01 – – 
8.75 1.00 0.10 ± 0.01 – – 
11.25 1.00 0.10 ± 0.01 – – 
13.75 0.80 ± 0.02 0.11 ± 0.01 0.20 ± 0.01 0.045 ± 0.005 
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16.25 0.74 ± 0.02 0.11 ± 0.01 0.26 ± 0.01 0.056 ± 0.006 
18.75 0.66 ± 0.01 0.11 ± 0.01 0.34 ± 0.01 0.061 ± 0.006 
21.25 0.54 ± 0.01 0.11 ± 0.01 0.46 ± 0.01 0.063 ± 0.006 
23.75 0.48 ± 0.01 0.12 ± 0.01 0.52 ± 0.02 0.065 ± 0.006 
26.25 0.36 ± 0.01 0.13 ± 0.01 0.64 ± 0.02 0.065 ± 0.006 
The evolution of the kN product over the duration of the experiment (calculated using Eqn. 
1b) is displayed in Figure 2. A kN value error was estimated as 3% using a Monte-Carlo analysis 
with 100 independent calculations based on randomly varied within standard deviations parameters 
pc, pd, ,∗  and ,∗ . The data points between hours 2.5 and 12.5 of the experiment display a linear 
dependence on time (R
2
 = 0.997, slope = 2.77). The fact that this line crosses the y-axis below zero 
means that not all the transported Li
+
 intercalates into the graphite at the beginning of its lithiation. 
Rather, a portion of the lithium is consumed in the electrochemical reduction of electrolyte solution 
components, to form the SEI. The slope of the data changes markedly to 1.90 after 12.5 hours (R
2
 = 
1.000), indicating a second stage of the side reactions and further SEI growth.
18, 38
 It is reasonable to 
assume that all Li
+
 cations (∆N) carried by the electric current (I) accumulate in the graphite 
electrode during the period of time (∆t) of the first 10 hours of linear response so that 
∆ = !∆
"    (2) 
where F is the Faraday constant. One can determine the coefficient k from the data and then 
transform the image intensity into the amount of lithium intercalated into graphite. Even though the 
NMR signal of the SEI is hidden under the much higher peak of the free electrolyte, the amount of 
lithium consumed in parasitic reactions can be indirectly obtained from the deviation of the data 
points on Fig. 2 from the line drawn through zero with the same slope. For example, only 66% of 
the transferred lithium is intercalated into the graphite during first 2.5 hours. After 25 hours 20% of 
the total lithium deposited at the negative electrode was consumed in SEI formation and growth. 
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Figure 2. Evolution of the kN product (orange dots) over the duration of the experiment. The dashed 
orange line indicates the linear-response region between 2.5 and 12.5 hours, the solid blue line 
indicates the total amount of lithium transferred. 
Optical reflectance imaging of a single crystal graphite electrode revealed that Li 
intercalation into graphite occurs homogeneously during the dilute stages of lithiation, while the 
further nucleation toward the concentrated stages happens on the boundary of the particle.
39
 
Moreover, stage 1 (LiC6) appears on the surface of the particle almost immediately after stage 2 
(Li1/2C6) forms, meaning that the system is out of equilibrium, forming steep Li concentration 
gradients at the edge. We can utilize this observation in order to extract the distribution of dilute and 
concentrated stages through the electrode from the MRI/NMR data. We divide the 300 µm thick 
graphite electrode into six slices of 50 µm, as per the spatial resolution of the MRI experiment. Then 
we check with Eqn. 1 if the image intensity in the slice can be obtained with dilute stages only 
(lithium concentration in these stages should be no more than 1/3 of the maximum possible 
concentration cmax). If not, then we assume that the edge of graphite particles are occupied by the 
concentrated stage with average concentration α cmax (with α > 1/3) and total volume of Vc, while the 
core of the particles are filled with the saturated dilute stage Li1/3C6 (Eqn. 3, where V is the volume 
of active material in the slice, see SI). 
 = #$%& '( () − ))
	 +,,∗ + -)	
+
,,∗ .  (3) 
α is adjusted to match the ratio of the total amount of lithium in the dilute and the concentrated 
stages to the same ratio extracted from NMR spectra (pd/pc). 
The quantitative, spatially resolved evaluation of the lithiated graphite species as a function 
of charge is shown in Fig. 3. Note, that bars on the figure represent amount of lithium in 
concentrated and dilute stages (x in LixC6) in each slice of the electrode. Volumes occupied by each 
stage in graphite particles are shown as a disk diagrams for the slices where both concentrated and 
dilute phases coexist, demonstrating that the boundary between stages moves from the edge toward 
the center of the particle. Initially, the decreasing equilibrium overpotential curve (Fig 1b) 
encourages a roughly equal lithiation of all graphite particles causing the flat concentration profile 
during the first 10 hours of the experiment. If a certain particle becomes more lithiated than those 
around it, then its overpotential decreases, so that insertion into it is no longer favorable. However, 
once a value of the x near 0.22 is reached (Fig. 3, 10.0 hours), which occurs roughly simultaneously 
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throughout the electrode, the graphite reaches the 100 mV plateau and transformation from Li2/9C6 
to Li1/3C6 and then to Li1/2C6 begins. The incentive for the lithium to fill uniformly across the 
breadth of the electrode has now been removed by the flattening of the overpotential. Electrolyte 
polarization
22
 means that the region closest to the separator (slice #6, Fig. 3) is more Li-rich than 
that near the current collector. Thus, insertion into particles in this slice is favored. A drastic 
decrease in the solid-state diffusivity occurs at x = 1/3.
11
 At this point a relatively large salt 
concentration in the electrolyte is required to overcome the diffusion barrier and continue the 
insertion of Li into the active material particles. Therefore, phase transformation starts in slice #6 
and proceeds until its completion (Fig.3, 17.5 hours) followed by an appearance of the next energy 
barrier.
11
 Then, the reaction front moves towards the deeper regions of the electrode nearer to the 
separator, as reveal in the concentration profile. At the point when the cell reaches the 2 mV cut-off 
potential, the layer of the graphite electrode closest to the separator is highly lithiated (to x = 0.77, 
25.0 hours), while the slice closest to the current collector are at only x = 0.30. This is a clear 
indication of a potential limitation of thick graphite electrode design. 
 
Figure 3. Lithium concentration profiles determined from the MR images and the transverse 
relaxation times extracted from NMR spectra using equations (1) – (2) displaying the relative 
populations of concentrated (orange) and dilute (green) stages. Slice 1 is nearest to the current 
collector, as in Figure 1c. The blue circles represent lithium concentration in the slices obtained 
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from modelling. The disk diagrams demonstrate volume distribution of concentrated and dilute 
stages in graphite particles. 
We simulated lithiation of the graphite electrode using PET with solid-state Li diffusion 
coefficient distribution vs. x value reported by Levi et al.
11
 (see SI) in order to discern how the 
measured lithium concentration profiles correlate with the theoretical concentrations. A favorable 
correlation is observed (blue dots in Fig. 3), with the exception that PET does not consider SEI 
formation reactions. The amount of Li
+
 in the electrolyte is conserved in the model, and, 
consequently all the Li
+
 leaving the electrolyte enters the graphite in the form of Li. In other words, 
PET has a rate of lithium intercalation shown by the blue line in Fig. 2. Comparing modelling and 
experimental results, we can identify the electrode regions where the side reactions take place. The 
most significant deviations are observed for the layers of graphite which have not overcome the 
critical amount of lithium associated with the phase transformation and the diffusion barrier (x ≈ 
1/3), and which are close enough to the separator to have a sufficient source of Li
+
 cations. As a 
result, lithium is trapped on the surface of the particles there, participating in side-reactions leading 
to the growth of SEI and to capacity fade. 
The formation of such a steep concentration gradient within the thick graphite electrode 
clearly poses a problem to its utilization. In order to remedy this, we propose a shaped charging 
process, as follows. The lithium salt concentration in the electrolyte regions closer to the current 
collector must increase, to facilitate further lithiation of the graphite particles in that part of the 
electrode. This can be achieved either by reducing electric current (e.g. by switching the charging 
protocol to potentiostatic mode) and allowing the salt concentration gradient in the electrolyte to 
slowly relax, or by a relatively brief current reversal, i.e., by briefly discharging the cell. During this 
discharging over 5 hours , the lithium-rich graphite in the vicinity of the separator releases lithium 
ions into the electrolyte solution in order to decrease its overpotential and reach an equilibrium with 
the particles that are closer to the current collector. The signal from the concentrated stages 
decreases in the NMR spectrum collected after 5 hours of the delithiation at 45 µA (Figs. 4a and 5a) 
and the T2
*
 relaxation time (measured separately from the 1D 
7
Li NMR spectrum) increases, 
becoming comparable to that of the dilute stages (0.1 ms). Lithium ions released from the graphite 
migrate under the applied electric field through the separator towards the Li electrode, where they 
deposit and form a mossy structure with significantly higher surface area, which causes an increase 
of the Li signal in the corresponding image region. Furthermore, a lithium salt concentration 
gradient is established in the electrolyte solution within the porous graphite electrode, causing a 
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diffusive flux that counters the current flow and extends deeper into the electrode. Lithium ions will 
therefore move towards the current collector (i.e., the back of the electrode), creating conditions that 
are favourable for lithium insertion into the graphite particles there. Consistent with this scenario, 
the image intensity increases in that region of the electrode (Fig. 4b, c). This implies that the 
increase of the lithium salt concentration in the electrolyte solution in the deeper region of the 
electrode, due to the reversal of the current, serves as an intermediate step to support overcoming of 
the solid-state diffusivity barrier for lithium intercalated into graphite particles and to form a dense 
stage shell on their surface. Note that, besides the lithium redistribution within the graphite during 
the discharging, the total amount of lithium in the electrode is 8% higher than the expected amount, 
based on the applied current. To compensate the charge carried by the electrons through the outer 
circuit, 37% of lithium consumed in the SEI at the end of the lithiation (deviation between measured 
and calculated profiles on Fig. 3, 25 hours) must have been released and consequently intercalated 
into the graphite. This hypothesis agrees with the observation that the SEI on a graphite electrode is 
significantly thinner at the end of discharge than at the end of charge, during first three cycles of a 
LIB
 40
 providing an additional source of Li and increasing electrode capacity.
41-42
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Figure 4. (a) 
7
Li NMR data collected at the end of charging (blue) and after 5 hours of discharging 
(yellow) at 45 µA current. (b) 
7
Li MR images acquired immediately before collecting the spectra 
shown in panel (a). (c) Li concentration profile in the graphite electrode after 5 hours of its 
delithiation, determined from the corresponding spectrum and image from panels (a) and (b), 
respectively. 
After this current reversal, a higher overall degree of graphite lithiation can be achieved by 
driving current from Li-metal to the graphite (Fig. 5). A significant growth of Li-rich stages 
throughout the electrode becomes apparent, concomitant with the disappearance of the dilute phase 
from the NMR spectrum. Lithiation occurs now without any significant polarization, as manifested 
both in the lithium concentration profiles (which display more slices saturated with lithium) as well 
as cell potential. In addition, the derivative of the kN product with respect to time is 2.84 after the 
current reversal, differing by less than 3% from its value during the time interval from 2.5 to 12.5 
hours (Fig.5a). The dense shell, formed on the surface of graphite particles during current reversal, 
provides a sufficient concentration gradient to drive diffusion toward the core of the particles. Based 
on this data we infer that the boundary of Li1/3C6 phase with extremely low Li solid-state diffusion is 
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now within the particles and is not exposed to the electrolyte, therefore all the transferred lithium 
intercalates into graphite without consumption in parasitic reactions. 
 
Figure 5. (a) Cell voltage as function of time through the entire electrochemical test (grey line), and 
evolution of the kN product over the duration of the experiment (brown dots). The dashed lines and 
the fit parameters indicate the linear-response regions (b) 
7
Li NMR spectra collected after the 
conclusion of the deintercalation step and during the subsequent resumption of intercalation (prior 
to the acquisition of the MR images used for generating the concentration profiles). The colors of 
the spectra correspond to the colored triangles on the voltage profile from panel a. (c) Lithiation 
profiles of the graphite electrode during the second galvanostatic charging step with 45 µA current. 
 
Conclusions 
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Using magnetic resonance techniques we were able to visualize and quantify the lithium 
distribution within a graphite electrode during operation; we found that the electrode polarization 
correlates with phase transformations of the graphite; unfavorable Li dynamics during these 
transformations leads to side reactions on the particles interface. The effect of the side reactions can 
be minimized with a proper charging protocol. 
 
Supporting information 
Detailed description of the electrophoretic cell performance, in situ 
7
Li slice-selective NMR 
spectra, example of the 
7
Li NMR spectrum deconvolution, and in-depth description of the porous 
electrode theory model formulation and its numerical solution. This material is available free of 
charge via the Internet at http://pubs.acs.org. 
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